Integrating the analysis of natural and social systems to achieve sustainability has been an international scientific goal for years (1, 2) . However, full integration has proven challenging, especially in regard to the role of culture (3), which is often missing from the complex sustainability equation. To enact policies and practices that can achieve sustainability, researchers and policymakers must do a better job of accounting for culture, difficult though this task may be.
The concept of culture is complex, with hundreds of definitions that for years have generated disagreement among social scientists (4) . Understood at the most basic level, culture constitutes shared values, beliefs, and norms through which people "see," interpret, or give meaning to ideas, actions, and environments. Culture is often used synonymously with "worldviews" or "cosmologies" (5, 6) to explain the patterned ways of assigning meanings and interpretations among individuals within groups. Used in this way, culture has been found to have only limited empirical support as an explanation of human risk perception (7, 8) and environmentalism (9) .
Inserting culture into sustainability is daunting, made more so because it has a "dual mode of existence" (10) . Culture is both objective/external and subjective/internal, invoking both agency (individuals) and structure. In other words, it is both a property of the individual and a property of the social context in which individuals exist. As a result, culture has individual characteristics, but also has emergent properties that constitute a context that shapes individual thoughts and actions. On the other hand, cultures are enduring, durable, organized, collectively made, and reproduced "systems of meaning. . .including not only the beliefs and values of social groups, but also their language, forms of knowledge, and common sense, as well as the material products, interactional practices, rituals, and ways of life established by these" (11) .
However, culture would not exist without conscious and unconscious ideations and actions of humans. Culture works through "shared cognitive structures" (12) that guide thought and action, but culture evolves over time, being made and remade through the exercise of human agency (13) . In this way, culture is internal and subjective, a cognitive process linking thought and action (14) . Thus, culture is bound up with the agencystructure tension that has preoccupied social science. Humans use culture as both a motivation and justification for behavior (15) , and in doing so reproduce culture as an enduring, transcendent, social structure that shapes subsequent thought and action.
Culture influences human thought and action probabilistically, not deterministically (16) , because agents belong to many social groups, each of which can have a particular culture or worldview. For example, a nonHispanic white, male American farmer of German descent living in rural western Kansas belongs to, among others: an ethnicity, a race, a sex, an ancestry, a nationality, and an occupation. Each of these social groups may have a "large cultural formation" (17) that provides a schema for thought and action: a "white culture," "male culture," "farming culture," "American culture," "western Kansan culture," and so on. Thus, at the individual level people have access to many "cultural configurations. . .ensembles of cultural knowledge and practices structured around a core set of values and norms motivated by a common set of interests, goals, or needs" (17) . Decision-making often means selecting among cultural schemas that may be contradictory, or discordant, in form or end. Exactly why, how, and when humans select among cultural schemas, frames, or scripts has been an active area of research across the social sciences (12) .
Culture is thus an important variable mediating the relationship between humans and the natural environment. No matter how extensive and sophisticated our biophysical knowledge, policy institutions, and economic projections, any facet of the environment is difficult to sustain if stakeholder groups are using different cultural frames, and hence meanings or interpretations, of it. Examples include private property to be used for personal consumptive use, a component of nature that is conserved for its own sake, a recreational resource through which values and shared experiences are passed from parent to child, or a common property resource to be used for the public good. Thus, understanding culture relative to the environmental concern, often rooted in place, is important for achieving sustainability in a place, although layers of culture beyond the place (e.g., urban views on environmental management in a rural locale) often play a significant role.
Modeling Culture
Theoretical and empirical advances in the social sciences have made it possible to more rigorously model culture at the individual level. The values-beliefs-norms (VBN) framework (3, 18) , which was specifically designed as a tool for cross-cultural comparisons, has become particularly prominent.
This framework opens up the black box of culture by disaggregating it into discrete, empirical concepts linked in a causal chain of social-psychological cognition. The model posits that values-deeply held, core ideas about right and wrong-are the foundational cultural influence on environmental decisionmaking and behavior (19) . Values (V) are antecedent to beliefs (B), or general worldviews about the relationship between humans and the environment, which shape norms (N) about the consequences of action and personal responsibility for taking action.
Understanding the role of culture involves: (i) what types of cultural configurations exist in a particular place; and (ii) the extent to which culture configurations are shared, or overlap, across persons in a place. Place and culture are not necessarily homologous because agents have access to multiple Addressing culture's role in sustainability requires understanding whether, and if so how, culture is malleable.
cultural configurations and can be transient, taking their cultures with them when they move, and in the process, changing the culture of a place. However, using the example above, a place inhabited by a majority population of white, non-Hispanic, American farmers of German descent could be expected to share a culture, empirically identifiable at the individual level as a particular VBN process shaping environmental decision-making, and at the aggregate, or social level, as common VBN processes. The extent to which place and culture are homologous is an empirical question, one that is within our means to address with extant methods.
Addressing culture's role in sustainability requires understanding whether, and if so how, culture is malleable: how does culture change-or adapt-in response to environmental change? The VBN causal chain could ultimately be used to explain and predict environmental behaviors, including adoption of sustainable practices and support for sustainability policies. However, to predict environmental changes related to culture will require a treatment of culture as an endogenous process in integrative human environmental models.
Endogenizing culture, part of the intent of VBN, will require a more complex modeling of the human system to allow individual agents' values, beliefs, and norms about the environment to adapt over time to changes in the modeling environment from both human and physical (environmental) processes (20) . Quantitative models can use the VBN framework to endogenize culture within integrated models, allowing human behavior to be modeled as a function of different VBN metrics, which are in turn a function of environmental response to the human system across time and space (Fig. 1) (21) . Endogenizing culture allows the VBN framework to be dynamic over time and capture cultural heterogeneity across space within a study region (22) . Moreover, endogenizing culture also means integrating the modeling with stakeholder participation throughout the research process via direct deliberations with stakeholders about VBNs, possible courses of action, and their consequences (3, 23) . As a result, achieving more sustainable human-environment relations depends in large part on the ability to better understand the social learning process (24) that involves adaptive changes in environmental decision-making, as well as the causal chain linking environmental VBNs to environmental behavior.
Sustainable Pathways and Culture
Take, for example, the intricate interactions linking culture, climate, and cultivation that will determine the future sustainability of freshwater resources in the Central Great Plains (CGP) in the United States. In the CGP, water is commonly scarce but in great demand from agriculture, industry, residential development, and ecosystem maintenance. Much attention has been focused on groundwater-dependent areas overlying the Ogallala aquifer, which supports the congressional district with the highest agricultural market value in the United States, but which will be 70% depleted within 50 years, given the existing trends of use (25) .
Avoiding damaging consequences for water resources in the CGP and other water-stressed regions (26) requires strategic planning by stakeholders and all levels of government (23) . In the CGP, spatially variable, place-specific cultures profoundly influence interpretations of the problem and possible solutions. Some communities in the CGP have acted to promote water conservation and improve water quality by funding incentives that encourage farmers to adopt best management practices. In contrast, other communities hold a profound distrust of information from climate and environmental science and an antipathy for topdown programs, impeding efforts toward sustainable water management. Similarly, in the CGP, the list of federally endangered fish can either encourage communities to conserve water resources or can stimulate conflicts among resource users. Consequently, cultures within communities of the CGP have a large effect on land use, water use, cropping, and other vital decisions that factor strongly in resource sustainability. This is one of the many instances in which policies enhancing environmental sustainability will be difficult to achieve if these cultures and world views are not appreciated and reconciled in some way (27) . This is a complex and formidable challenge, but one well worth facing.
